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(57) Abstract: A thermal priority fuel cell power plant includes a cell stack assembly for generating an electrical power output.
The cell stack assembly includes an anode, a cathode, and a waste heat recovery loop. The anode is configured to receive a fuel,
the cathode is configured to receive an oxidizer, and the cell stack assembly is configured to generate the electrical power output
by electrochemically reacting the anode fuel and the cathode oxidizer in the presence of a catalyst. The waste heat recovery loop
includes a coolant inlet conduit and a coolant outlet conduit, and is configured to remove waste heat generated from the electro-
chemical reaction. A waste heat recovery loop is thermally coupled to the cell stack assembly for managing the waste heat of the
cell stack assembly and for supplying thermal power to a thermal load demand. The waste heat recovery loop includes a heat ex-
changer in heat exchange relationship with the coolant outlet conduit and the thermal load demand. A controller is operatively as-
sociated with the cell stack assembly and the waste heat recovery loop. The controller controls the operation of the cell stack as-
sembly by adjusting a fuel cell power plant parameter responsive to the thermal load demand. In one aspect, the tuel cell power
plant parameter is reactant utilization. In another aspect, the fuel cell power plant parameter is a temperature for a thermal man-
agement system accumulator.
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SYSTEM AND METHOD FOR THERMAL PRIORITY OPERATION OF A
FUEL CELL POWER PLANT

Field of the Disclosure

[0001] The present disclosure relates generally to fuel cell power plants and, more
particularly, to a method and apparatus for prioritizing the thermal output of a fuel cell

power plant.
Background

[0002] A fuel cell is an electrochemical cell which consumes fuel and an oxidant
on a continuous basis to generate electrical energy. The fuel is consumed at an anode and
the oxidant at a cathode. The anode and cathode are placed in electrochemical
communication by an electrolyte. One typical fuel cell employs a phosphoric acid
electrolyte. The phosphoric acid fuel cell uses air to provide oxygen as an oxidant to the
cathode and uses a hydrogen rich stream to provide hydrogen as a fuel to the anode.
After passing through the cell, the depleted air and fuel streams are vented from the
system on a continuous basis.

[0003] A typical fuel cell power plant comprises one or more stacks of fuel cells,
the cells within each stack being connected electrically in series to raise the voltage
potential of the stack. A stack may be connected in parallel with other stacks to increase
the current generating capability of the power plant. Depending upon the size of the
power plant, a stack of fuel cells may comprise a half dozen cells or less, or as many as
several hundred cells. Air and fuel are usually fed to the cells by one or more manifolds
per stack.

[0004] In each of the fuel cells, waste heat is a by-product of the steam reforming
process for conversion of natural gas to a hydrogen rich steam, electrochemical reactions,
and the heat generation associated with current transport within the cell components.
Accordingly, a cooling system must be provided for removing the waste heat from a
stack of fuel cells so as to maintain the temperature of the cells at a uniform level which
is consistent with the properties of the material used in the cells and the operating

characteristics of the cells.
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[0005] In the stack, where the chemical reactions take place, water is used to cool
the stack and generate steam to be used in the fuel processing system, where chemical
reactions occur to generate hydrogen. The waste heat, which is at around 350° F and
includes water, exit air and depleted fuel, is directed to a waste heat recovery loop to
provide the customer with low grade heat (i.e. up to 140°F). The heat recovery loop
often includes a condenser coupled with a glycol loop and a heat exchanger that couples
the water system with the glycol loop. The customer can also get high grade heat (i.e. up
to 335°F) via the water which receives heat from the stack cooling loop. The
temperatures for high grade heat and low grade heat will vary depending upon the fuel
cell system (e.g., solid oxide or molten carbonate). The high temperature allows the fuel
cell power plant to be utilized in a cogeneration power system.

[0006] A fuel cell cogeneration power system, or fuel cell combined heat and
power (CHP) system, generates electrical and thermal energy in a single, integrated
system. Typical components of a fuel cell CHP system include a fuel cell power plant as
the electrical generator, an electrical interconnection coupled to the fuel cell power plant,
and a heat recovery system coupled to the waste heat generated by the fuel cell power
plant. The heat recovery system is used to meet the direct thermal demands of a facility
or process, such as steam or hot water. Alternately, the waste heat may be used as a heat
source for an absorption/chiller system to meet indirect facility thermal load demands,
such as chilled water for facility cooling and heating.

[0007] Typical fuel cell power plants operate either in a grid-connect mode or
grid-independent mode. In grid-connect mode, the operator or site controller provides a
constant electrical power set point for the fuel cell power plant. Any facility electrical
demand in excess of the set point is supplied by the grid. In grid-independent mode, the
fuel cell power plant is the sole provider of electrical power for the site, and the electrical
output of the fuel cell power plant varies according to the electrical demand of the site.
[0008] One drawback to both types of systems is that the fuel cell power plant is
configured to generate electrical power as a first priority, and the thermal power output—
whatever it may be — is delivered to the heat recovery system as a secondary
consideration. In either mode, the waste heat generated by the fuel cell power plant is an

uncontrolled parameter and will vary based upon system variables such as power level,
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operating time, and electrical efficiency, to name a few. This operating limitation may
frustrate site operators who place a premium on satisfying thermal demands, such as
when the cost of such thermal demands is proportionately more expensive than satisfying

the electrical demands.
Summary of the Invention

[0009] In one aspect of the disclosure, a thermal priority fuel cell power plant
includes a cell stack assembly for generating an electrical power output. The cell stack
assembly includes an anode, a cathode, and a waste heat recovery loop. The anode is
configured to receive a fuel, the cathode is configured to receive an oxidizer, and the cell
stack assembly is configured to generate the electrical power output by electrochemically
reacting the anode fuel and the cathode oxidizer in the presence of a catalyst. The waste
heat recovery loop includes a coolant inlet conduit and a coolant outlet conduit, and is
configured to remove waste heat generated from the electrochemical reaction.

[0010] A waste heat recovery loop is thermally coupled to the cell stack assembly
for managing the waste heat of the cell stack assembly and for supplying thermal power
to a thermal load demand. The waste heat recovery loop includes a heat exchanger in heat
exchange relationship with the coolant outlet conduit and the thermal load demand.
[0011] A controller is operatively associated with the cell stack assembly and the
waste heat recovery loop. The controller controls the operation of the cell stack assembly
by adjusting a fuel cell power plant parameter responsive to the thermal load demand.
[0012] In one example, the fuel cell power plant parameter is reactant utilization.
[0013] In another example, the fuel cell power plant parameter is a temperature
for a thermal management system accumulator.

[0014] In another aspect of the disclosure, a method for operating a fuel cell
power plant in thermal priority mode is provided. The method includes the steps of
providing a cell stack assembly configured to generate an electrical power output by
electrochemically reacting an anode fuel and a cathode oxidizer in the presence of a
catalyst. The cell stack assembly further includes a waste heat recovery loop configured
to remove waste heat generated from the electrochemical reaction. The method further

includes the step of providing a waste heat recovery loop thermally coupled to the cell



WO 2012/023925 PCT/US2010/045608

stack assembly for managing the waste heat of the cell stack assembly and for supplying
thermal power to a facility thermal load demand. The method further includes the step of
controlling the operation of the cell stack assembly by adjusting a fuel cell power plant

parameter responsive to the facility thermal load demand.
Brief Description of the Drawings

[0015] For a further understanding of the invention, reference will be made to the
following detailed description of the invention which is to be read in connection with the
accompanying drawing, wherein:

[0016] FIG. 1 is a schematic illustration of a fuel cell power plant system in
accordance with an embodiment of the present disclosure;

[0017] FIG. 2 is another schematic illustration of a fuel cell power plant system in
accordance with an embodiment of the present disclosure;

[0018] FIG. 3 is a schematic illustration of a double effect absorption chiller in
accordance with one embodiment of the invention; and

[0019] FIG. 4 is a block diagram of a method for operating a fuel cell power plant

in a thermal load following mode according to an embodiment of the present disclosure.
Detailed Description

[0020] Referring to FIG. 1, in one embodiment a phosphoric acid fuel cell power
plant 500 includes a cell stack assembly 2 and a waste heat recovery loop 4. The cell
stack assembly 2 includes a plurality of cells electrically connected in series. Each cell
includes a silicon carbide matrix which is soaked with phosphoric acid electrolyte. The
matrix is sandwiched between a cathode 6 or oxidant electrode and an anode 8 or fuel
electrode. Gas impervious plates, e.g., separators 10, separate adjacent cells in the cell
stack assembly 2 and, in some arrangements, may include electrolyte reserve plates. A
cooler plate 12 is interposed periodically in the plurality of cells to remove the heat
generated by the electrochemical reaction.

[0021] In the illustrated example, the cell stack assembly 2 is a phosphoric acid
stack assembly, but other fuel cell technologies are conceivable within the scope of the

disclosure. For example, the cell stack assembly 2 may be a solid oxide fuel cell, which
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generates significant thermal energy as a byproduct of the electrochemical reaction, a
molten carbonate fuel cell, or a proton exchange membrane (PEM) fuel cell. The PEM
generates less thermal energy, but may still have application within the context of the
disclosure.

[0022] Within the anodes 8, a supply of hydrogen is provided to fuel the chemical
reactions within the anodes in a manner to be described hereinafter. Similarly, within the
cathodes 6, a supply of ambient air is provided as an oxidant for fueling the chemical
reaction within the cathode in a manner to be described hereinafter. Finally, the cooler
plates 12 are fluidly connected to the waste heat recovery loop 4 to remove heat from the
fuel cell stack assembly 2 in a manner to be described hereinafter.

[0023] The fuel cell power plant 500 may further include a fuel processing system
14, the flow sequence being further described with reference to the flow loop
characterized by double solid lines. A supply of natural gas is provided along line 16
through natural gas valve 18 to a HEX300 heat exchanger 20 arranged within a fuel
processing system integrated low temperature shift converter assembly 22, or FPS ILS.
The HEX300 heat exchanger 20 raises the temperature of the natural gas from 70°C to
303°C. The heated gas then flows to a hydro-desulphurizer 24, or HDS, where sulfur is
removed from the natural gas. The gas then flows to an ejector 26 where it is mixed with
steam from an ejector steam line 28. The ejector steam line 28 originates at a thermal
management system (TMS) accumulator 30, picks up heat through a HEX351 heat
exchanger 32 within the FPS ILS 22, and delivers the steam to the ejector 26. The
mixture then flows through a cell stack reformer 34 where the CH4 (methane) and H,O is
reformed into CO, and H, and trace amounts of CO. The cell stack reformer 34 is heated
by a burner 36 to cause an endothermic reaction to complete the reforming process. The
reformate then flows through the FPS ILS 22 serving as the hot side to heat exchangers
HEX300 20, HEX351 32, and a HEX340 38. The reformate gives up some heat and then
enters the low temperature shift converter 40 where the CO is converted to H, and CO,.
[0024] From the low temperature shift converter 40, the hydrogen-rich reformate
gas passes through the hot side of a HEX350 heat exchanger 42 and then to a tee junction
44 where a portion of the reformate flows to mix with the supply of natural gas and the

remainder flows to the anodes 8 to fuel the chemical reactions in the anodes. The
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resultant gas then leaves the anodes § along anode exhaust line 46 to enter a HEX911
heat exchanger 48, where it picks up heat and then flows to the burner 36. The process
exhaust then flows out of the reformer 34 and back through the HEX911 heat exchanger
48 and through a HEX910 heat exchanger 50 prior to flowing into a cathode exhaust line
52 of the waste heat recovery loop 4. There, it is mixed with heated air in a manner to be
described, with the mixture flowing through a HEX920 heat exchanger 54 and then to
ambient atmosphere via the exhaust conduit 56.

[0025] Turning now to the oxidant for the cathodes 6, a compressor 58 provides
compressed ambient air to the cathodes 6 for use of the oxygen therein for the chemical
reactions. The waste gases then exit the cathodes 6 and pass to the cathode exhaust line
52 where they are mixed with the exhaust gases from the burner 36 as described above.
The flow of air is shown by the double dash-dot lines.

[0026] A portion of the compressed air from the compressor 58 is passed through
the HEX910 heat exchanger 50 to be heated and then passes to the burner 36 to be mixed
with the gas from the anodes 8 for combustion within the burner.

[0027] Referring now to the waste heat recovery loop 4, there is a water loop as
shown by the single solid lines and a glycol loop as shown by the double long and two
short dashed lines. A description will first be made of the water lines within the waste
heat recovery loop 4.

[0028] A supply of water stored in a water treatment system tank 60 is pumped by
pumps PMP450 62 and PMP451 64 to the cold side of a HEX435 heat exchanger 66
where it picks up heat and is then mixed with a supply of hot water from the TMS
accumulator 30 prior to passing to a PMP400 pump 68. The stream of water exiting the
PMP400 pump 68 passes through first junction 70, second junction 72 , and then to a
high grade heat exchanger 74 for the transfer of heat in a manner to be described more
fully hereinafter. The portion of water bypassed at the first junction 70 passes to the cold
side of the HEX350 heat exchanger 42, then to the cold side of the HEX340 38 heat
exchanger, and then to the low temperature shift converter 40 where it is converted to
steam which then passes to the TMS accumulator 30. The portion of water bypassing the
high grade heat exchanger 74 at the second junction 72 flows to the hot side of a HEX400
heat exchanger 76. After giving up some heat and exiting HEX400 76, a portion of the
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flow splits at a third junction 78, while a majority of the flow serves as one input to a
TCV480 thermal control valve 80. One portion of the flow at the third junction 78 passes
through the hot side of a HEX431heat exchanger 82 and splits at a fourth junction 84.
One portion of junction 84 flows to the water treatment system tank 60, while the other
portion of junction 84 passes through a DMN440 demineralizer 86 prior to being dumped
back into the flow exiting PMP451 64.

[0029] After passing through the high grade heat exchanger 74, the water passes
through a fifth junction 88. One leg of the fifth junction 88 diverts the flow to the second
input of TCV480 thermal control valve 80; the other leg serves as an input to a TCV400
thermal control valve 90. The second input to the TCV400 thermal control valve 90 is the
output of the TCV480 thermal control valve 80. The output of the TCV400 thermal
control valve 90 passes along a coolant inlet conduit 92 to the cooler plates 12 where it is
converted to steam which flows to the TMS accumulator 30 .

[0030] Also included as part of the waste heat recovery loop 4 is the glycol loop
94 shown in double long and two short dashed lines. Circulation of the glycol within its
loop is caused by the glycol pump 96 which discharges to tee 98 where it flows in two
directions. One portion of the flow passes through the cold side of the HEX920 heat
exchanger 54 and the other portion passes through the cold side of the HEX431heat
exchanger 82. The flow through each heat exchanger rejoins at a sixth junction 100 then
passes through the hot side of the HEX400 heat exchanger 76 to pick up additional heat
prior to entering a low grade heat exchanger 102 where the low grade heat is transferred
from the glycol loop 94 to a customer service port. The glycol then passes through a fan
cooled radiator 104 for the purpose of cooling the glycol and then back to the glycol
pump 96 .

[0031] The cell stack assembly 2 provides power to a facility electrical load 106.
The facility electrical load 106 may be for a facility or an industrial process, for example.
Although only one cell stack assembly 2 is shown in the illustrated example, a plurality
of cell stack assemblies may utilized within the context of the present disclosure,
depending on the particular electrical and thermal demands of the facility or process. In
the disclosed embodiment, the fuel cell power plant 500 is also connected to the electric

grid 108, known as operation in grid connect mode. Thus, the facility electrical load 106
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may be met by combining the electrical power output of the fuel cell power plant 500
with the electrical power imported from the electric grid 108. A protective relay 110 may
be installed to prevent power export from the fuel cell power plant 500 back to the
electrical grid 108.

[0032] Some fuel cell power plants are cooled by circulating a liquid coolant,
such as water, in serpentine fashion through and between the individual fuel cell plates.
As the coolant absorbs sensible heat from the electrochemical reaction, its temperature
increases. In other types of fuel cell power plants, such as the disclosed phosphoric acid
power plant, the circulating coolant water is heated sufficiently to create a liquid/steam
mixture. The mixture passes through a separator, where the steam is directed to a fuel
reformer apparatus, and the remaining hot water passes through a heat exchanger or the
like to be cooled before returning to the fuel cell power plant coolant inlet.

[0033] Waste heat generated by the cell stack assembly 2 may provide thermal
power to a facility thermal load demand 112 by utilizing the high grade waste heat
carried by the stack coolant fluid. The term high grade waste heat refers to fluid
temperatures in excess of approximately 200° F. The stack coolant fluid enters the high
grade heat exchanger 74 at a high temperature and gives up a portion of its thermal
energy to the working fluid. In the disclosed example, the temperature of the coolant fluid
entering the high grade heat exchanger 74 is approximately 310-335° F and the
temperature of the coolant fluid exiting the high grade heat exchanger 74 is
approximately 250° F. The facility thermal load demand 112 may be direct heating or
indirect cooling. For example, the working fluid exiting the high grade heat exchanger 74
may be used directly for facility or process heating requirements, such as makeup water
for a boiler. Alternatively, indirect cooling needs for a facility may be satisfied by
utilizing the high grade heat to drive a high stage generator in a double effect absorption
chiller, as will be explained below.

[0034] In another embodiment, the low grade heat exchanger 102 may be utilized
to satisfy a low grade thermal load demand 114, such as space heating or domestic hot
water. The term low grade waste heat refers to fluid temperatures below 200° F, typically
in the range of 140° F to 150° F. In the disclosed example, the secondary coolant fluid

enters the low grade heat exchanger 102 at a warm temperature and gives up a portion of
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its thermal energy to the facility working fluid in the low grade thermal load demand 114.
The temperature of the coolant fluid entering the low grade heat exchanger 102 may be
approximately 175 - 200° F in one example and the temperature of the working fluid for
the facility low grade thermal load demand 114 may be approximately 60 - 150° F. The
facility low grade thermal load demand 114 could be domestic hot water or direct heat
loads such as a swimming pool. The working fluid may be a central heating loop at the
facility or a direct load depending on the building system design.

[0035] Reliable and efficient operation of the fuel cell power plant 500 may be
achieved through use of a supervisory controller 116. In one example, the controller 116
receives input from sensors and other controllers, and controls the operation of the cell
stack assembly 2 by dispatching set points and the like to other controllers in the power
plant 500. Referring now to FIGS. 1 and 2, the controller 116 includes a microprocessor
118 and its associated memory 120. The memory 120 of controller 116 stores operator or
owner preselected, desired values for various operating parameters within the power plant
500 including, but not limited to, grid offset import values (PMOO1SP), set points
(TP_SP) for the cell stack assembly 2, algorithms for calculating the difference in power
values (P_DIFF), pressure limits, current limits, and any variety of other desired
operating parameters or limits with the power plant 500. In the disclosed embodiment,
controller 116 includes a microprocessor board 122 that houses microprocessor 118 and
memory 120, an input/output (I/O) board 124, which contains an analog-to-digital
converter 126 which receives temperature inputs and pressure inputs from various points
in the system.

[0036] Among the specific sensors and transducers monitored by the controller
116 are Watts transducer PMOO1 which inputs into the microprocessor 118 a variable
power value according to the electrical power imported from the electric grid 108, and
various temperatures, pressures, and flow rates of the reactants. In addition, the controller
116 records customer selectable input power values for the fuel cell operation and
customer selectable grid import power target values which will be controller by the fuel
cell controller 116.

[0037] One important consideration in controlling the fuel cell power plant 500 is

balancing the electrical load demand with the thermal load demand. As the cell stack
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assembly 2 operates at a given power level, it simultaneously supplies the electrical
power output to the electrical load 106, for example the electrical demand from a facility
or building, and the thermal power output to a thermal load 112, 114, such as an
industrial process or a building’s heating and cooling system. Conventional fuel cell
power plants are controlled responsive to the electrical power demand, the electrical
power being generated by the fuel cell stack, or both. As a corollary, any conversion of
waste heat useful for thermal power has typically been offered to customers as an add-on
feature of power plant ownership. In other words, the electrical power generation of the
fuel cell power plant took precedence, and the thermal power generation was an
uncontrolled byproduct. The scenario in which the thermal power generation has no
bearing on the operation and control of the electrical power generation is referred to as
the thermal power being “decoupled” from the control of the electrical power generation.
In conventional market strategies, thermal power obtained ‘for free’ was better than none
at all.

[0038] However, the volatility of utility costs has re-shaped conventional market
strategies. In some market segments, usually dependant upon geographical location, the
cost of facility heating and cooling services may warrant alternate methods for providing
those services. For example, to provide heating and cooling to a building or facility, a
fuel cell power plant may be coupled to an absorption chiller. The de-tuned thermal
power supplied by a fuel cell power plant typically provides some, but not all, of the high
grade heat for the absorption chiller. Expressed another way, the facility may periodically
or continually demand more thermal power than the fuel cell power plant can provide.
Electric heaters, gas-fired furnaces, and the like may supply the balance of the thermal
demand.

[0039] In one example, a phosphoric acid fuel cell power plant rated for 200 kW
may be connected to the electrical grid (grid-connect mode) and operated with an
electrical power set point of 150 kW. Alternately, the power plant may be connected to a
direct electrical load (grid-independent mode) that is 150 kW. At the beginning of the
power plant’s life cycle, the electrical power output is 150 kW and the thermal power
output is approximately 170 kW. As the power plant ages and its electrical efficiency

decreases, the electrical power set point remains at 150 kW however, the available
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thermal power increases to approximately 200 kW, due to the heat created by running
inefficiently. As can be appreciated from the example, when the operation of the fuel cell
power plant is in grid-connect or grid-independent mode, the thermal power output
varies.

[0040] The inventors have noted that the additional cost of supplying the balance
of the thermal load demand may be quite substantial. In fact, the inventors have
discovered that in some geographic locations it is economically feasible to provide all the
thermal power demand with the fuel cell power plant, while decreasing the efficiency of
the electrical power generation. Accordingly, the inventors have devised a system and
method to operate a fuel cell power plant in a thermal priority mode, as opposed to an
electrical load-following mode.

[0041] In one example, the facility thermal load demand 112 drives a double
effect lithium bromide (LiBr) absorption/chiller 128, as shown in FIG. 2. A high stage
generator 130 of the absorption/chiller 128 is coupled to the high grade heat exchanger 74
of the waste heat recovery loop 4 to provide either chilled water for building cooling, or
heated water for building heating. Temperature sensor TMS_TE490 and flow sensor
TMS_FS490 are utilized to calculate the thermal power being supplied to the
absorption/chiller 128. The absorption/chiller 128 further includes a chilled water inlet
conduit 132 wherein warm water returning from the building air conditioning system
enters the absorption/chiller 128 at approximately 12° C (54° F). The water is chilled to
approximately 6.7° C (44° F) and exits via a chilled water exit conduit 134. Temperature
sensors CHW_IN and CHW_OUT are located on the chilled water inlet conduit 132 and
the chilled water exit conduit 134, respectively.

[0042] Turning to FIG. 3, the absorption/chiller 128 is shown in detail. A vacuum
vessel 136 houses an evaporator section 138 and an absorber section 140. In the
evaporator section 138, a liquid refrigerant, typically water, is heated to the point of
vaporization, and the vapor passes over to the absorber section 140. The liquid refrigerant
enters the lower portion of the evaporator section 138 through condensed refrigerant
solution pipe 142 where it collects at the bottom of the vacuum vessel 136. A refrigerant
pump 144 pumps the liquid to a sprinkler 146 at the top of the evaporator section 138.

The liquid refrigerant exits the sprinkler 146 and the droplets contact a heat exchanger
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tube 148. In the disclosed example, the pressure within the vacuum vessel 132 is
approximately 0.83 kilopascal (absolute) (0.12 pounds per square inch). At this pressure,
the liquid refrigerant vaporizes at approximately 5° C (41° F). The temperature
(CHW_IN) at the chilled water inlet 132 is approximately 12° C (54° F), sufficient raise
the temperature of the liquid refrigerant to vaporization. The heat exchange
correspondingly lowers the temperature (CHW_OUT) at the chilled water exit 134 to
approximately 7° C (45° F), which is sufficient to satisfy the air conditioning
requirements of the building.

[0043] The vaporized refrigerant passes through barrier 150, which may be a
screen, to the absorber section 140 of the vacuum vessel 136. The absorber section 140
includes a concentrated absorbent inlet pipe 152 and a diluted absorbent outlet 154, and
houses an absorbent such as a lithium bromide (LiBr) solution, for example. Although the
present system employs water as a refrigerant and lithium bromide as an absorbent, any
suitable combination can be utilized in the practice of the disclosure. Lithium bromide
has a high affinity for water and will absorb water in relatively large amounts under the
machine's normal operating conditions. The absorber section 140 further includes a
cooling water heat exchanger tube 156 having an inlet 158 and an outlet 160. In the
disclosed example, the concentrated LiBr solution absorbs the water vapor from the
evaporator section 138, thereby diluting the LiBr solution. As the LiBr solution becomes
saturated with water, it settles to the bottom of the vacuum vessel 136. From there, a first
absorbent pump 162 pumps it through a low temperature heat exchanger 164 and a high
temperature heat exchanger 160, to be discussed in detail below, and then to the high
stage generator 130.

[0044] The high stage generator 130 is coupled to a heat source 168 that operates
to vaporize the refrigerant from the absorbent. In the disclosed example, the heat source
168 1s the working fluid (e.g., water) exiting the high grade heat exchanger 74. Although
the disclosed absorption/chiller system 128 is a double effect type absorption chiller, a
single effect or other multiple effect type absorption chiller could be used without
departing from the scope of the disclosure.

[0045] The high temperature generator 130 includes a diluted absorbent inlet 170,

an intermediate absorbent outlet 172, a refrigerant vapor exit 174, and an exhaust gas

12



WO 2012/023925 PCT/US2010/045608

outlet 176. The diluted absorbent is received through diluted absorbent inlet 170 and
heated to its saturation temperature by exposure to the heat source 168, whereupon
refrigerant vapor is liberated and leaves the high temperature generator 130 at the
refrigerant vapor exit 174. The resulting absorbent solution is more concentrated and
exits the high temperature generator 130 at the intermediate absorbent outlet 172. Excess
heat from the high temperature generator 130 is rejected to atmosphere at the exhaust gas
outlet 176.

[0046] The absorption/chiller system 128 further includes a low temperature
generator 178 having an intermediate absorbent solution inlet 180, a refrigerant vapor
inlet 182, a concentrated absorbent solution outlet 184, and a refrigerant vapor outlet 186.
The intermediate absorbent solution exiting from the intermediate absorbent solution inlet
180 passes through the high temperature heat exchanger 166 where the temperature is
decreased prior to entering the low temperature generator 178 at the intermediate
adsorbent solution inlet 180. The intermediate absorbent solution is exposed in heat
exchange relationship to the hot refrigerant vapor inlet 182. Additional refrigerant vapor
is released from the intermediate absorbent solution due to the pressure difference
temperature increase. The remaining absorbent solution, having given off most of its
remaining refrigerant vapor, exits at the concentrated absorbent solution outlet 184 and is
pumped through the low temperature heat exchanger 164 by a second absorbent pump
188. Thus cooled, the concentrated absorbent solution is re-admitted to the absorber
section 140 of the vacuum vessel 136 where it is able to re-absorb refrigerant vapor, and
the cycle begins over.

[0047] Refrigerant vapor exiting from refrigerant vapor exit 174 enters the low
temperature generator 178 at the refrigerant vapor inlet 182. The refrigerant vapor is
cooled by the heat exchange with the intermediate absorbent solution and exits through
the refrigerant vapor outlet 186. From there, the mixture of vapor and liquid passes
through a refrigerant drain heat reclaimer 190 where it is fully condensed and returned to
the bottom of a condenser 192 at a condensed refrigerant inlet 194. The condenser 192
includes a second cooling water heat exchanger tube 196, which in some embodiments
may be connected to the outlet 160 of the cooling water heat exchanger tube 156 of the

absorber section 140. Cooling water circulating through the second cooling water heat
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exchanger tube 196 serves to condense the refrigerant vapor released in the low
temperature generator 178 and subsequently passed to the condenser 192. The condensed
liquid refrigerant is admixed with the liquid from the condensed refrigerant inlet 194 and
leaves the condenser 192 at a condensed refrigerant outlet 198. The condensed refrigerant
then flows to the condensed refrigerant solution pipe 142 in the vacuum vessel 136, and
the cycle begins over.

[0048] An absorption/chiller master controller, or second controller 200, is
adapted to monitor system parameters and regulate the temperature and flow at the
chilled water exit conduit 134 to meet the thermal load demand. The absorption/chiller
second controller 200 monitors (among other things) the temperature at the chilled water
inlet conduit 132 (CHW_IN), the temperature at the chilled water exit 134 (CHW_OUT),
the chilled water flow rate, the temperature and thermal power (RT) of the heat source
168, as well as various internal system pressures, temperature, and coolant flows.

[0049] In an exemplary embodiment disclosed herein, a thermal priority mode for
operating the fuel cell power plant may be realized by establishing a set point in the
controller 116 for the thermal power output and adjusting a fuel cell power plant
parameter responsive to the thermal load demand. In this manner, the electrical power
output of the cell stack assembly 2 may be de-tuned from the thermal power output.
[0050] In one embodiment, the thermal power set point may be 170 kW and the
fuel cell power plant parameter may be the stack coolant exit temperature 202, for
example sensor TMS_TE400. Temperature sensor CHW_IN inputs into the
microprocessor 118 a variable resistor value according to the water temperature entering
the absorption/chiller 128; temperature sensor CHW_OUT inputs into the microprocessor
118 a variable resistor value according to the water temperature exiting the
absorption/chiller 128, and the controller 116 may calculate the thermal power demand
and raise or lower the stack coolant exit temperature 202 to meet the particular demand.
An increase in stack outlet temperature provides more heat to the high grade heat
exchanger 74 and the low grade heat exchanger 102, and thus more thermal power to the
facility thermal load demand 112 and the low grade thermal load demand 114,

respectively.
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[0051] Alternately, the temperature or pressure of the TMS accumulator 30 may
be adjusted responsive to the thermal power demand. In one example, a TMS pressure
input 204 to the controller 116, such as TMS_APS500, is monitored and adjusted. A
higher TMS pressure set point results in more superheating of the coolant fluid therein.
As the temperature of the coolant fluid increases, more thermal power becomes available
to meet customer needs. The TMS pressure input 204 may be adjusted to the set point by
supplying back pressure to system control valves, for example.

[0052] Another specific manner in which the stack outlet temperature may be
changed is to alter the fuel cell reactant utilization. Reactant utilization is a measure of
fuel cell efficiency, and refers to the volume percentage of reactant that is consumed in
the electrochemical reaction. Thus, in another embodiment, the thermal power set point
may be 170 kW and the adjusted fuel cell power plant parameter may be the reactant
utilization. In one example, the baseline hydrogen utilization is set to 80%, which means
that 80% of the hydrogen flowing to the anodes 8 is consumed in the electrochemical
reaction. To meet an increase in the thermal power demand, the controller 116 may
decrease the hydrogen utilization to 70%, which will increase the flow of hydrogen by
approximately 12%. The lower utilization also decreases the electrical efficiency, which
by one measure is the ratio of electrical power to fuel consumption. Since the heating
value of the hydrogen results in either electricity or heat, and the electrical efficiency
decreased, the additional fuel flow results in increased heat, or increased thermal power
output.

[0053] In another example, the air (e.g., oxidant) utilization may be increased to
similar effect. In a typical fuel cell power plant wherein air is supplied at a utilization of
approximately 60%, further increasing the utilization (or decreasing the supply of oxygen
to the electrochemical reaction) decreases the efficiency of electric power production at
the reaction site. Thus, the electrical efficiency is decreased and leads to addition thermal
power generation.

[0054] In another embodiment, there is no set point per se for thermal power,
instead there is a setting instructing the controller to continuously maximize the thermal
power output of the power plant. In this manner, the power plant will provide the highest

possible thermal power output within the physical limits of safe and reliable operation of
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the power plant. The thermal power may be adjusted by any of the previously disclosed
methods.

[0055] Referring to FIG. 4, a method 350 of operating a fuel cell power plant in
thermal priority mode is shown. The method 350 comprises a step 352 of detecting the
thermal load of the process or facility, and storing the value in the memory 120 of the
controller 116, for example. Likewise, at a step 354, the thermal power output of the fuel
cell power plant 500 is determined. Typically, the thermal power output is a measure of
kilowatts of heat or tons of refrigeration (RT).

[0056] At a step 356, a comparison is made between the thermal power output of
the fuel cell power plant 500 and the thermal load demand to establish a thermal power
difference. In the disclosed embodiment, the comparison is performed by an algorithm
programmed in the controller 116 using sensing inputs such as pressure, temperature, or
flow rate. If the thermal power output is substantially different from the thermal load
demand, for example more than five percent (greater than or less than), a new thermal
power set point (TP_SP) for the power plant 500 is determined responsive to the thermal
power difference, as shown at a step 372. In the disclosed embodiment, the controller 116
is programmed to calculate the new set point. The new set point may also be determined
from lookup tables stored in memory 120, for example, or estimated by engineers, or
simply set to a maximum value for the particular power plant. Once the new set point is
determined, the controller 116 commands the fuel cell power plant 500 at a step 374 to
ramp up or ramp down to the new set point according to a predetermined schedule, or
ramp rate. In one example, the ramp rate is thirty seconds.

[0057] If, in the comparison performed at step 356, the thermal power output 46
is substantially the same as the thermal load 48, e.g. steady state, the controller 116 takes
no action and continues to operate at the set point established at the previous iteration,
shown at step 374.

[0058] At a step 376, the electrical power demand (or load) is detected by
conventional means, such as Watts transducer, PM0OO1. At a step 378, the electrical
power output generated by the fuel cell power plant 500 is determined by conventional
means. At a step 380, the electrical load and the electrical power output are compared

using an algorithm stored in the memory 120 of the controller 116, for example. If the
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electrical power output is greater than the electrical load by a target value that is specified
by the customer, a mitigation step may be undertaken, as shown at a step 382. In one
example, the mitigation step 382 involves absorbing the excess electrical power to a load
bank, such as a series of heaters. In another example, the mitigation step 382 supplies
electrical power to a water heater for the process or facility. In yet another example of a
mitigation step 382, the controller 116 utilizes the grid export protection software used
for the electrical load following (ELF) mode. Using this mitigation step 382, if the
electrical power output generated by the cell stack assembly 2 exceeds the electrical load,
an override is activated wherein the power level of the fuel cell power plant 500 is
temporarily reduced, for example.

[0059] In most thermal load following modes, the electrical power output
generated by the fuel cell power plant 500 will be less than the electrical load. At a step
384, the balance of power required for the electrical load is imported from the electric
grid 108. In the example shown, the method 350 starts a new iteration at step 352.

[0060] One advantage of the thermal load following mode is that method 350
allows a fuel cell power plant operator to tailor the value proposition of the system 10
according to energy market pricing. In a volatile energy market where the cost of
supplying the balance of the thermal power is more than the cost of running the cell stack
in an inefficient manner, financial factors may dictate the temporary, or permanent,
utilization of all the waste heat generated by the fuel cell power plant 500. This provides
an advantage over the electrical load following mode, wherein the fuel cell power plant
500 frequently changes power level to accommodate fluctuations in electrical demand
without regard to the thermal demand.

[0061] In other market conditions, a fuel cell power plant operator may simply
value the thermal power more than the electrical power.

[0062] While the present invention has been described with reference to a number
of specific embodiments, it will be understood that the true spirit and scope of the
invention should be determined only with respect to claims that can be supported by the
present specification. Further, while in numerous cases herein wherein systems and
apparatuses and methods are described as having a certain number of elements it will be

understood that such systems, apparatuses and methods can be practiced with fewer than
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the mentioned certain number of elements. Also, while a number of particular
embodiments have been described, it will be understood that features and aspects that
have been described with reference to each particular embodiment can be used with each

remaining particularly described embodiment.
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We Claim:

1. A thermal priority fuel cell power plant comprising:

a cell stack assembly for generating an electrical power output, the cell stack
assembly comprising an anode, a cathode, and a waste heat recovery loop, the anode
configured to receive a fuel, the cathode configured to receive an oxidizer, the cell stack
assembly configured to generate the electrical power output by electrochemically reacting
the anode fuel and the cathode oxidizer in the presence of a catalyst, the waste heat
recovery loop comprising a coolant inlet conduit and a coolant outlet conduit and
configured to remove waste heat generated from the electrochemical reaction;

a waste heat recovery loop thermally coupled to the cell stack assembly for
managing the waste heat of the cell stack assembly and for supplying thermal power to a
thermal load demand, the waste heat recovery loop comprising a heat exchanger in heat
exchange relationship with the coolant outlet conduit and the thermal load demand; and

a controller operatively associated with the cell stack assembly and the waste heat
recovery loop, the controller for controlling the operation of the cell stack assembly by

adjusting a fuel cell power plant parameter responsive to the thermal load demand.

2. The fuel cell power plant of claim 1, wherein the electrical power output of the
cell stack assembly is decoupled from the thermal power being supplied to the thermal

load demand.

3. The fuel cell power plant of claim 1, wherein the thermal load demand comprises
a facility load demand and the heat exchanger in the waste heat recovery loop comprises

a high grade heat exchanger.

4. The fuel cell power plant of claim 3, wherein the facility thermal load demand

comprises a demand for direct heat.

5. The fuel cell power plant of claim 3, wherein the facility thermal load demand

comprises a demand for indirect cooling.
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6. The fuel cell power plant of claim 5, wherein the waste heat recovery loop is

thermally coupled to a double effect absorption chiller.

7. The fuel cell power plant of claim 1, wherein the adjustment of the fuel cell power
plant fuel cell power plant parameter equalizes the thermal power with the thermal load

demand.

8. The fuel cell power plant of claim 1, wherein the adjustment of the fuel cell power

plant fuel cell power plant parameter maximizes the thermal power output.

9. The fuel cell power plant of claim 1, wherein the fuel cell power plant fuel cell

power plant parameter is cell stack coolant exit temperature.

10. The fuel cell power plant of claim 1, wherein the fuel cell power plant parameter

is reactant utilization.

11. The fuel cell power plant of claim 10, wherein the fuel utilization is decreased.
12. The fuel cell power plant of claim 10, wherein the oxidant utilization is increased.
13. The fuel cell power plant of claim 1, further comprising a fuel processing system,

and the fuel cell power plant parameter is a temperature for a thermal management

system accumulator.

20



WO 2012/023925 PCT/US2010/045608

14. A method for operating a fuel cell power plant in thermal priority mode, the
method comprising the steps of:

providing a cell stack assembly configured to generate an electrical power output
by electrochemically reacting an anode fuel and a cathode oxidizer in the presence of a
catalyst, the cell stack assembly further including a waste heat recovery loop configured
to remove waste heat generated from the electrochemical reaction;

providing a waste heat recovery loop thermally coupled to the cell stack assembly
for managing the waste heat of the cell stack assembly and for supplying thermal power
to a facility thermal load demand; and

controlling the operation of the cell stack assembly by adjusting a fuel cell power

plant parameter responsive to the facility thermal load demand.

15. The method of claim 14, wherein the adjustment of the fuel cell power plant

parameter equalizes the thermal power with the thermal load demand.

16. The method of claim 14, further comprising the step of providing a fuel
processing system, and the fuel cell power plant parameter is a temperature of a thermal

management system accumulator.

17. The method of claim 14, wherein the thermal load demand is a facility heating
and cooling system, the heat recovery apparatus is an absorption chiller having a chilled
water line coupled to the facility heating and cooling system, and the step of determining
the thermal load includes monitoring the temperature of the chilled water line entering

and exiting the absorption chiller.

18. The method of claim 14, further comprising the steps of comparing the electrical
demand and the electrical power generated by the fuel cell power plant to establish an
electrical power difference and, if the electrical power is greater than the electrical load,

initiating a mitigation step.

19. The method of claim 18, wherein the mitigation step includes absorbing the

excess electrical power to a load bank.
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20. The method of claim 18, wherein the fuel cell power plant further includes a
connection to the electrical grid and, if the electrical power is less than the electrical load,
the method further comprises the step of importing the balance of the electrical power

difference from the grid.

22



PCT/US2010/045608

1/4

WO 2012/023925

)
__IIHH”HH”HH“HH”HH”HH”HH.““NH”HH”HH”HH”HH
v WL [V
e 7™ &moo ..... 1 [[oow
96 ) | Y
o <in
1 ) |
YITIONINOD ¢l |
i ] "
| ! 7 e
]
| iy —
A i O SH30090 z ;
“ YN Ao mmemd SI0OHIV0 Fo2- ..MA..H..H..H..H..I_LH..H..H...MM.L L.~ 15n¥HX3
| aor P 1P I I —
! 85 @__@Iuﬂ SIAONY M = T SY9
| g [ s gy e | Ly, R
AR S i T BN 3999 ]l
L()-4 OL! 016 % ] !
w )ﬁ T | w m 5T
! H ]
901 "m Lo ] mL« L N T -ve
97— 1 ST ey
116 < ¢ \zz
flarecin N
ik 19 pe e
i 8Y [Nug 9¢
b L_'/mm l/
u..&..lL4L4L4L4L4L|a.I..I|.OL.JLL.|.“ D O m



WO 2012/023925

PCT/US2010/045608
2/4
500
2 14
N csA FPs |/
204 (TMS_TE400)@------mrmrsreremesemesrassmanenana ,
. 206 g
(TMS_AP500) |
N OTMS ey
- P 116
1TMSTE_52° l— — |
y [ 18] [ 120 122
-
TMS TE_4004---]* v [™Mo02 et ! PMO01SP
— . M
: 124 TP_SP
24 I T N D/_ N— P_DIFF
Nd o y T T PMO001
HEX_490| P PM002
TMS TE_490@ [ Frremremsrneasncisecanecrecec
112 VimsFS ago T
L" E ...................................
T { CHW_IN
A4
130 132
5134
C { cHw_ouT ,
g e



PCT/US2010/045608

WO 2012/023925

3/4

¢ Ol

-
\.

1 u u ocl
N __zpl
051 ——
0 851 0 N NI MHO
-84 - (S
- ::_H_ ) osl_|(c W M 3
09k _ — < @ Npel
(41X V4 8yl -

) S V] onl C_] | TA00 MHO
AN K _
L ~ L — 6l “
o.&\_ Vil 98 1 B0 '
o’ - %14\ (¢ ) |
- 2 | = 1)
[
_
_

00¢




WO 2012/023925

350

4/4

PCT/US2010/045608

NN

Detect thermal
load

|— 352

Y

Determine
thermal power
output

| 354

372

\

Determine new
power level set
point

Yes

Thermal
power output
different from
thermal load?

356

Y.

Operate at
power level set
point

374
/

A 4

Detect electrical
load

| 376

A

Determine
electrical power
output

—— 378

382

\

Mitigate excess
electric power

Yes

Electric output
> load
demand?

380

Import balance
of power from
grid

L 384

End

FIG. 4



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2010/045608

A. CLASSIFICATION OF SUBJECT MATTER

HOIM 8/04(2006.01)i, GOIR 31/36(2006.01)i, HOIM 8/12(2006.01)i, HOI1M 8/14(2006.01)i, F28D 15/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO1M 8/04; F24H 1/00; F24H 1/18; HOIM 8/00; F02G 5/04

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: waste heat recovery loop, controller, thermal load, thermal management system accumulator,
fuel cell system, and similar terms

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X JP 2005-038676 A (MATSUSHITA ELECTRIC IND CO LID) 10 February 2005 1,14
Y See See abstract; figure 1; paragraphs 14-15, 21, 25-27, 34-37; claims 1-7 3-9,13-16
Y WO 2007-114802 Al (UTC POWER CORPORATION et al.) 11 October 2007 0,6
See abstract; figures, paragraphs 06-08, 15-19, 22, 24-25 and 28-30; claims 1
, 3 and 10-11
Y WO 2009-058112 A1 (UTC POWER CORPORATION et al.) 07 May 2009 3,4

See abstract; figure 3, paragraphs 11-12, 15 and 19; claim 1

Y JP 2008-215782 A (TOSHIBA FUEL CELL POWER SYSTEMS CORP) 18 September 2008 7-9,13-16
See abstract; figure 1, paragraphs 15-19; claims 1-9

A JP 2006-038325 A (SINANEN CO LTD et al.) 09 February 2006 1-20
See abstract; figures 1-2; paragraphs 21, 29-33 and 36; claims 1-14

|:| Further documents are listed in the continuation of Box C. & See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

"E"  earlier application or patent but published on or after the international ~ "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art

"P"  document published prior to the international filing date but later "&" document member of the same patent family

than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
30 MAY 2011 (30.05.2011) 30 MAY 2011 (30.05.2011)
Name and mailing address of the ISA/KR Authorized officer
' Korean Intellectual Property Office
Government Complex-Daejeon, 189 Cheongsa-ro, KIM, Kyong Min
Seo-gu, Daejeon 302-701, Republic of Korea
Facsimile No. 82-42-472-7140 Telephone No.  82-42-481-8173

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2010/045608

Patent document Publication Patent family Publication

cited in search report date member(s) date

JP 2005-038676 A 10.02.2005 None

WO 2007-114802 A1l 11.10.2007 CN 101517795 A 26.08.2009
EP 2002498 A1 17.12.2008
KR 10-2008-0104150 A 01.12.2008
US 2010-227239 At 09.09.2010

WO 2009-058112 Al 07.05.2009 None

JP 2008-215782 A 18.09.2008 None

JP 2006-038325 A 09.02.2006 JP 4340790 B2 07.10.2009

Form PCT/ISA/210 (patent family annex) (July 2009)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report

